3. The effects of Co2+ were fundamentally the same as those of Ni2+.
Introduction
Gastrointestinal smooth muscle is characterised by the production of spontaneous mem brane depolarizations called slow waves, which control the mechanical activity.
In the circu lar muscle of the canine colon (Huizinga, 1991 ; Sanders, 1992) and guinea-pig stomach (Tomita, 1981) a typical slow wave has an amplitude of 25-35 mV, a duration of several seconds and appears at an interval of 10-20 seconds. Although Ca2+ may play a major role in the rising phase of the slow wave, the ionic mechanisms involved in the membrane depolarization and also in the control of slow wave frequency are still not clear. Ca2+ channel blockers may be used to characterize Ca2+ influx pathways, since dihydropyridines, such as nifedipine, are known to block the L-type Ca2+ channel and Ni2+ to block the T-type Ca2+ channel (cf ., Tsien and Tsien, 1990) . In canine colonic muscle, nifedipine inhibits mainly a plateau phase of the slow wave, whereas nickel ions (Ni2+) mainly inhibit the initial phase (Ward and Sanders, 1992a) , and the slow wave is blocked by a combination (Ward and Sanders, 1992b ). The authors consider that both phases of the slow wave in this tissue are due to currents through L-type channels and their different sensitivity to nifedipine is explained by the voltage-dependency of channel blockade (Ward and Sanders, 1992b) . However, in the same tissue, slow waves persisted in the presence of 21 mM Na+ (to abolish the Na+ gradient) and nitrendipine (to block L-type channels), but could then be blocked by 1-2 mM Ni2+ or cadmium ions (Cd2+) (Huizinga, Farraway, Den Hertog, 1991) , suggesting that the depolarizing phase of the slow wave is due to Ca2+ influx flowing through non-L-type Ca2+ channels. In the present experiments, using the guinea-pig gastric muscle, the effects of organic (nifedipine and nicardipine) and inorganic Ca2+ channel blockers (Ni2+ and Co2+) were inves tigated to see if the slow waves in the gastric muscle are affected similarly to those in the canine colon. In addition, the effects of these divalent cations were also examined on the membrane depolarization caused by removal of sodium ion (Na+), ionic mechanism of which is also not known (Tomita and Pang, 1996) .
Methods
The methods were similar to those previously described (Tsugeno, Huang, Pang, Chowd hury and Tomita, 1995) . The guinea-pigs (300-350 g) were killed by stunning and bleeding, and the stomach excised. After removal of the mucosa, from the antral region in the direction of the circular muscle, and the longitudinal muscle layer was carefully stripped off using a pair of fine forceps. One end of a muscle strip, which was was tied by a silk thread to a small piece of artificial rubber, fixed to the bottom of a small chamber (0.2 ml) by small pins, and the other end of the strip was connected to a strain gauge with a fine thread to record tension development. (range : 3.3-5.1 sec) respectively (n = 15). no significant effect on the slow waves even after more than 10 min treatment and after depolarization produced by 60 mM K+ in the presence of nifedipine, although it reduced tension development caused by the slow waves and by 60 mM K+ (Fig. 1 ).
These results were confirmed in 6 muscle strips. Since the inhibition of K+-induced contracture and of slow wave-evoked contraction did not recover after nifedipine had been removed for more than 30 min, nifedipine-sensitive Ca2+ channels were considered to remain blocked. in the continued presence of Ni2+ and nifedipine (the maximum rate of rise was 47 mV sec-1 before Ni2+ application, 20, 33, and 59 mV sec-1 at 3, 7, and 17 min after Ni2+, respectively).
The slow wave amplitude and frequency remained higher than the control even after 25 min in the presence of Ni2+. Very rarely, slow waves of a large square type were recorded. In the experiment shown in Fig. 2 , slow waves with a shoulder were recorded at first (a) ; this type of configuration has often been observed with the sucrose-gap method (Ohba, Sakamoto and Tomita, 1977) . At the end of record (a), the electrode was reinserted into another cell from which large (42 mV) square slow waves were recorded (b). Judging from their duration these potentials appear to corre spond to the lower component of the slow waves shown in (a). Similar slow waves were observed in the rabbit small intestine (Taylor, Daniel and Tomita, 1976) . The maximum rate of rise was approximately 1 V sec-1 which was more than 10 times faster than that of ordinary slow waves. Nifedipine had no clear effect on either the square slow waves or the contractions in this preparation (d, e).
in the presence of nifedipine shortened the duration of the upper part and increased the frequency of the slow waves, but did not increase their amplitude (f, g). The amplitude of the initial part of the depolarization was slightly reduced by Ni2+ so that a notch appeared between the initial and later phase (g), as generally observed for a more typical slow wave. The maximum rate of rise was reduced to 400 mV sec-1 5 min after Ni2+ application, but no further study was possible because of a failure to keep the penetration.
Effects of Co2+
The effects of Co2+ were similar to those of Ni2+. Irreversible effects of Co 2+ and Ni 2+
The effects were clearer when the frequency was slow or irregular before application. Low concentrations of these ions did not depolarize the membrane significantly, but increased the frequency of the slow waves, and increased their regularity, as shown in Fig. 4a . The effect remained after removal of Co2+ (or Ni2+) for more than 10 min, but a short treatment with 2 mM EDTA (ethylenediamine tetraacetic acid) abolished the effects of these ions and in the example shown in Fig. 4b nifedipine. The slow waves disappeared when the membrane was strongly depolarized by these divalent cations, as shown in Fig. 5a , but the depolarizations slowly subsided and rhythmic acitivty gradually reappeared during the continued presence of the cations (see Fig. 5b, c) . second application produced very little further effect.
Effects of Ca2+ removal
The effects of Ca2+ removal are shown in Fig. 6 . Ca2+ removal slowly abolished slow wave activity, usually taking more than 5 min, but since a steady intracellular recording was difficult in Ca2+-free solution, Ca2+ was only removed for 4 min in this experiment, a time sufficient to nearly abolish the contractions initiated by the slow waves. Ca2+ removal clearly decreased the rate of rise (from 40 mV sec-1 to 12 mV sec-1) and shortened the duration of the slow waves, but the decrease in slow wave amplitude was less significant (a). In the presence of 200 the tissue had recovered from the initial depolarization, Ca2+ removal caused essentially the same effects as before Co2+ application, i.e., slower maximum rate of rise (from 59 mV sec-1 to 27 mV sec-1) and shorter duration (b). Contraction was again nearly abolished after 4 min. 10 min after Co2+ wash-out (c) Ca2+ removal again produced similar effects , the maximum rate of rise being reduced from 38 mV sec-1 to 23 mV sec-1.
Effects of Na+ removal in the presence of Ni 2+ or Co 2+
Removal of Na+ by substituting with NMDG produced depolarization, in the presence or absence of nifedipine and Pang, 1996) . The amount of depolarization varied to some extent among different preparations. If the depolarization was relatively small, the main effect was to cause a prolongation of the slow waves as shown in Fig. 7a . In this tissue , after recovery following reintroduction of Na+, was applied which produced typical transient effects on the slow waves and contraction (Fig. 7b) . Between (b) and (c) in Fig. 7 Ni2+ was washed out, although the effects still remained so that further application of 1 mM Ni2+ caused no depolarization, but slowly inhibited the slow waves. Exposure to Nat-free solution in the presence of 1 mM Ni2+ now restarted the slow waves (Fig. 7d) .
Similar experiments of Na+ removal were carried out in the presence of 3 mM Co2+ (Fig.   8 ). In the preparation shown in Fig. 8 Na+ removal produced a typical large depolarization which abolished the slow waves (a). Between (a) and (b), the preparation was treated with 100 3 min and 20 min later 3 mM Co2+ was applied again (b). The pretreatment with inhibited the early depolarization normally produced by 3 mM Co2+ which now abolished slow waves after a transient increase in their amplitude. Na+ removal in the presence of Co2+ restarted the slow waves accompanied by only a small depolarization (c).
Discussion
It seems likely that in the guinea-pig stomach, Ca2+ is the main charge carrier for producing the slow waves, because the presence of Ca2+ is necessary for slow wave activity, although the type of Ca2+ influx pathway is difficult to define. Since the maximum rate of rise of the slow wave (about 50 mV sec-1) is less than 1/100 of a typical action potential in intestinal smooth muscle (about 7 V sec-1, Tomita, 1970) , a relatively small inward current would be enough to generate the depolarization if there is no significant counteracting outward current.
The contribution of Na+ as the charge carrier is difficult to study because of the membrane depolarization on its removal. However, since slow waves can be produced in Na+-free solution when the membrane depolarization is prevented by Ni2+ or Co'', it is unlikely that Na+ is carrying the inward current. Initiation of slow waves by Na+ removal can also be demonstrated under conditions in which slow waves are abolished and membrane depolariza tion is prevented by phosphodiesterase inhibitors, such as theophylline (Tsugeno, Chowdhury, Pang, and Tomita, 1995) . The fact that slow waves can be generated in the presence of 1 mM Ni2+ or 3 mM Co2+ throws some doubt on the idea that these ions directly block the inward current pathway responsible for slow wave production. Their ability to suppress slow waves may be due mainly to inhibition of pacemaker activity rather than blockade of inward currents, but further study on this mechanism is necessary. Cl-removal (by substitution with isethionic acid) produces a relatively weak effect at least for about 5 min (unpublished observations),
suggesting that Cl-effux is also not playing a major role in the depolarization of slow wave.
The slow wave in the guinea-pig gastric muscle is not significantly affected by nifedipine even after membrane depolarization with 60 mM K+ in the presence of the channel blockers. This differs from the slow wave in the circular muscle of the canine colon in which the slow plateau phase is inhibited by nifedipine (Ward and Sanders, 1992a, b) .
It is likely in the present experiment described above that the L-type Ca2+ channels can be mostly and nearly irreversibly blocked by nifedipine since both K+ contractures and the contractions elicited by the slow wave remained inhibited for more than 30 min after wash-out following 10 min treatment with nifedipine. This suggests that any contribution of the L-type Ca2+ channel to slow waves in the guinea-pig gastric muscle is very minor not only to the rising phase but also to the slow depolarizing phase. Ca2+ from the surface membrane by Mn2+ (Sakamoto, 1985) . The effects of Ni2+ differ from its effects in the canine colonic slow wave, in which only inhibitory effects have been reported (Ward and Sanders, 1992a) . In the colon, a combination of nifedipine blocked slow wave generation. In the guinea-pig gastric muscle, these transition metal ions reduce the rate of rise at first, particularly when the membrane is depolarized, but this slowly recovers in the presence of the ions. Since Ni2+ is considered to block the T-type Ca2+ channels at a concentration (Spedding and Paoletti, 1992 ; Kuriyama, Kitamura and Nabata, 1995) , the lack of susceptibility of slow waves to Ni2+ explain by the involvement of typical T-type Ca2+ channels. Contraction produced by Co2+ (3-been reported for vascular smooth muscle and the presence of Ca2+ is neceassary for this contraction (Gallagher, Alade, Dominiczak and Bohr, 1994) . It is rather unlikely that Co2+ and Ni2+ carry enough inward currents on their own to contribute to slow wave genera tion because they are quite effective at a very low concentration Ca2+ and because their potentiating effects continue after the ions have been washed-out. In the snail neurones Co2+ and Ni2+ have been shown to increase inward Ca2+ current (Kim and Woodruff, 1991) . The effect has been explained by inhibition of outward currents by the transition metal ions, an explanation supported by the prolongation of the action potentials .
Although this possibility cannot be discarded, the lack of prolongation of slow wave duration both with Ni2+ and Co2+, in contrast to the observation in the snail neurones , does not support the idea. In the guinea-pig gastric muscle, Co2+ and Ni2+ may directly increase Ca2+ influx through a pathway which is resistant to dihydropyridine channel blockers and may increase the frequency of the large square slow wave which is likely to act as the pacemaker of slow wave , probably intracellularly.
